The effect of plasma environment on the ground state energies of exotic systems ppµ, ddµ and ttµ has been analyzed within a generalized three-body formalism using multi-term correlated basis sets. The Debye screening model of the plasma has been adopted for such a study. The binding energies of p with pµ, d with dµ and t with tµ have been estimated for a range of values of the Debye screening parameters. The systems tend towards instability for increased screening. The effect of particle correlation has been investigated in detail and is found to play important role for the stability in these systems.
Introduction
Study of the effect of external environment like that of a plasma on the energy levels and other structural properties of atomic, ionic and exotic systems has become a subject of extensive investigations in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . A broad discussion on the subject matter was given by Griem [13] , Fujimoto [14] , Ichimaru [15] and Rajagopal [16] . Depending on the density and temperature of the external plasma, one can adopt various models of plasma-atom interaction whose effect is to alter the potential energy compared to that of the free atom. For low density and high temperature one usually considers the Debye screening model [17] while for high density and low temperature the ion sphere model [18] is usually adopted.
In this work we are interested in studying the ground state energy of the Coulombic three-body muonic molecular ions ppµ, ddµ and ttµ under an external plasma environment. These systems are particularly important in the muon catalyzed fusion processes [19] [20] [21] . Muonic molecular ions with protonic substitutions are less adiabatic than the corresponding hydrogen molecular ions due to the mass difference between muon and proton. Such systems are of general interest theoretically [22, 23] . During the passage of particles through matter most of these exotic hadronic systems are formed, albeit, their low mean lives [20, 24, 25] . One can consider the background to mimic a plasma. Hence one can apply a plasma model for estimating the properties of the exotic systems in such an environment, particularly for a fusion plasma. Although a number of highly accurate theoretical estimates are available for the bound state properties of such free exotic three-body systems [26] [27] [28] [29] , calculations predicting the behavior in presence of plasma are still scanty [30] [31] [32] [33] .
In the current communication we use the methodology adopted earlier [32] for the estimation of the energy of the exotic systems ppµ, ddµ and ttµ in their spherically symmetric ground states in presence of plasma. Coupling to the plasma is included by the Debye screening model [17] in which the potential of the interaction between the charged particles is represented by screened Coulomb potential. We use the Ritz variational method in which the trial wave function is a linear combination of product basis functions. The particle correlation is taken care of by introducing explicitly the interparticle coordinate into the basis functions. The behavior of the energy of the system is analyzed with respect to the Debye screening constant. We aim at predicting an overall but unambiguous behavior of the ground state energies by using reasonably good basis sets such that the computation time is reasonable.
Method
The system consisting of a muon and two heavier particles is displayed in Fig. 1 
The Debye screening constant is represented by [17] 
where n is the density number, T is the temperature of the plasma and Z is the nuclear charge (which is unity in the present case). The screening parameter can be adjusted by using suitable values of plasma density and temperature.
For the spherically symmetric ground state of a three-body system, momentum conservation leads to a Hamiltonian expressible in terms of relative coordinates r 1 , r 2 and r 12 and the expectation value of the Hamiltonian with respect to a real and normalized wavefunction Ψ can be represented as Ψ|H|Ψ = 
To minimize the expectation value, the wavefunction Ψ is expanded in terms of the interparticle coordinates which takes care of the electron correlation effect explicitly
where
constructed of Slater type orbitals are to take care of the radial correlation whereas
describe the angular proton-proton (d-d or t-t) correlations dependent on the distance between them, r 12 . In actual computations we used eight different exponent parameters ρ which resulted in 36 different χ kl functions. For the angular expansion we used nine different η's leading to altogether 36×9 = 324 linear variation coefficients for the fully correlated calculations. The linear expansion, Eq. (3), leads to the matrix generalized eigenvalue problem
where H and S are the Hamiltonian and overlap matrices built in terms of basis functions χ kl η j . In general, the nonlinear parameters ρ and β can be suitably adjusted so as to minimize the ground state eigenvalue from Eq. (4). We have optimized them for the plasma-free case.
Results
We have considered here the plasma confined exotic systems ppµ, ddµ and ttµ bound by Coulomb interactions. The ground state energies computed as described above are given in Tables 1, 2 and 3 , respectively for ppµ, ddµ and ttµ. The energies of the plasma free systems (λ = 0) can be compared with very accurate results due to Frolov [27] . Reasonable agreement is observed: seven, six and five figures respectively for ppµ, ddµ and ttµ.
To decide whether the system is bound or not one needs to compare the three-particle energy to the ground state level of a corresponding two-particle system (pµ, dµ, and tµ respectively for ppµ, ddµ and ttµ). We computed the ground state energies of the two-body systems variationally in a basis of eight Slater type orbitals (which is adequate to the basis described above, used for three-body computations). They also are given in Tables 1-3 . The results for both two-and three-particle systems containing protons are plotted in Fig. 2 . For two other cases (d and t) the picture is very similar. As one can see the ground state energies of both two-and three-particle systems increase as the screening parameter λ is increased, meaning that stability of the systems is weakened by the plasma influence. So that eventually, for large screening, the systems become unbound. By scaling the result of Gomez, Chacham and Mohallem [34] to the actual masses of our systems, we find that the critical values of λ, λ c , at which the two-body systems become unbound are about 221, 233 and 237, respectively for pµ, dµ and tµ.
By taking the difference between the two-body and the corresponding threebody energies at each value of λ we find the proton affinity of pµ, deuteron affinity of dµ and triton affinity of tµ. These hadronic affinities are plotted in Fig. 3 , and given in Tables 1-3 . They decrease with λ increasing, indicating that the binding of the second proton (deuteron or triton) also weakens with the plasma density increasing. However, this tendency is much weaker than for the first proton (deuteron or triton). The extreme manifestation of such a behavior is that for large values of the screening parameter the proton affinity of the pµ system is bigger than the binding energy of pµ itself. The same happens for dµ and tµ.
Apparently the effect described above is the Thomas collapse [35] : the binding energy per particle is larger for a three-body system than for its two-body counterpart. Such an effect can result in binding of the three-body system even if the two-body subsystems are not bound, i.e. for λ ≥ λ c . Checking whether such a possibility can be physically realized for ppµ, ddµ and ttµ systems would be of great interest and importance. However this is not the aim of present investigation. The quality of our trial function is good for λ < λ c but not good enough to represent properly the λ ≥ λ c region.
We would like to understand where such a strong three-body binding comes from in terms of our computation. For this purpose we computed the dipole polarizabilities of the two-particle systems, using the standard linear response theory with a perturbed function chosen as linear combination of eight STO's [12] . The quality of results is again checked against the standard second order perturbation theory results for the plasma-free hydrogen-like systems (see Tables 1-3). As the Debye screening increases the polarizability increases very rapidly, reaching extremely large values at large λ. This indicates that the strong binding of three-particle systems is via polarization effects. This is confirmed by three-particle computations: when computed by including only radial correlations (36-linear-parameter computation; all functions η(r 12 ) in Eq. 3 set equal to 1) the total three-body energy is very poor (see Tables 1-3 and Fig. 3 ). For large screening the radial correlation is not enough to bind the system. It is the angular correlation which describes the polarization effects properly so that the system turns out to be bound. The effect of the angular correlation on the ground state energy is presented in Fig. 4 . For all the systems under consideration the absolute value of the angular correlation contribution decreases when the screening is increased, Fig. 4a . However, this is just a manifestation of the fact that all the Coulomb interaction effects are weakened by the screening. In fact the role of angular correlation relatively increases with λ, which can be seen from Fig. 4b .
Conclusion and synopsis
In summary, we have considered the effect of plasma as envisaged by the Debye model on the energy of exotic hadronic systems ppµ, ddµ and ttµ. We have explicitly demonstrated the importance of the inclusion of particle correlations in evaluating connected properties. For strong screening the hadronic affinity is larger than the binding energy of the related two-particle system. We have found that the effect is due to an extremely strong polarization of two-particle systems, increasing when the screening is increased. Fact that the binding of three-particle system is stronger the binding of two-particle subsystems is known as the Thomas collapse [35] . In the case of short-range attractive twobody interactions it can lead to the binding of a three-body system even if the two-body subsystems are not bound [35] . We believe this can be the case for the systems considered in this paper and this shall be a subject of our further investigation. 
